1. Introduction {#sec1}
===============

Enterovirus 71 (EV71) causes hand-foot-and-mouth diseases and neurological complications in young children and immuno-compromised adults. EV71 belongs to *Enterovirus* genus, *Picornaviridae* family. EV71 is a non-enveloped virus with a single-strand, positive-sense RNA genome. Currently, there are no specific drugs for EV71 infection. Five inactivated whole virus vaccines are currently being developed and showed good safety and immunogenicity in clinical trials ([@bib13]). One of the five vaccines has been approved by the China FDA recently ([@bib17]). In addition, a formalin-inactivated EV71 vaccine, in a Phase I clinical trial, showed strong cross neutralizing ability against EV71 B1, B4, B5 and C4A subgenotypes but not C4B, C2 and coxsackievirus A16 ([@bib3]). Another EV71 subgenotype C4 vaccine also showed cross neutralizing ability against B4, B5, C2 and C5 subgenotypes ([@bib25]). The subgenotype restriction of these vaccines compromises their vaccination efficacy and limits their application in the clinics.

Type I interferons are a group of broad spectrum antiviral cytokines released by host cells during viral infection. Upon binding to the receptor, type I IFNs induce hundreds of downstream genes, known as IFN stimulated genes (ISGs), and confers an antiviral state of host cells ([@bib21]). The specific roles of most of these ISGs in host antiviral response are still largely unknown. Among these ISGs, PKR and p53 promote the apoptosis of virus-infected cells ([@bib1], [@bib20]). 2′-5′ oligoadenylate synthases (OAS) are activated by IFN during viral infection and produce 2′-5′ oligoadenylates which activate RNase L and further lead to the degradation of viral RNA ([@bib19]).

Type I IFNs are effective in inhibiting viral infection, however, their application in the clinics is restricted due to their short half-life. To maintain elevated serum IFN without requiring repeated injections, an adenovirus vectored interferon-α, named as DEF201, was generated ([@bib23]). Interferon is species specific, so mouse interferon-α gene was constructed into adenovirus type 5 (Ad5) vector under the control of a strong promoter P~CMV~. Upon intranasal administration, the adenovirus vector transduces the IFN-α gene into nasal epithelial cells where IFN-α is expressed constitutively. *In vivo* studies showed that DEF201 could significantly increase the half-life of IFN-α and was protective for mice against viruses or bacteria infection including western equine encephalitis virus ([@bib23]), vaccinia virus ([@bib18]), arenavirus ([@bib7]), rift valley fever virus ([@bib16]), SARS coronavirus ([@bib11]), yellow fever virus ([@bib10]), chikungunya virus ([@bib4]) and *Streptococcus pneumoniae* ([@bib5]).

To date, the antiviral effects of type I IFNs against EV71, especially *in vivo* effects, have not been well studied. Previous studies showed that poly (I:C), an interferon inducer, significantly protected neonate mice from lethal EV71 challenge ([@bib14]). In this study, the anti-EV71 effects of single dose of DEF201 were evaluated in a murine model.

2. Materials and methods {#sec2}
========================

2.1. Cell lines and virus strain {#sec2.1}
--------------------------------

Rhabdomyosarcoma cells (RD) were used for EV71 quantification by plaque assay. Human embryo kidney cells (HEK293) were used for Ad5 vector preparation. Enterovirus 71 (EV71) strain 41 (5865/SIN/000009) (GenBank accession no. [AF316321](ncbi-n:AF316321){#intref0010}) was used to infect mice in this study.

2.2. DEF201 and adenovirus5 empty vector (Ad5) {#sec2.2}
----------------------------------------------

DEF201 was used to test its antiviral efficacy for EV71 infection. An empty Ad5 vector was used as a test control for DEF201. The stock titer of DEF201 was 1.45 × 10^9^ PFU/mL. Ad5 was generated using the method as described previously by [@bib23]. For Ad5 vector preparation, Ad5 plasmid was cut by *Pac*I restriction endonuclease and linearized plasmid was transfected into HEK293 cells by lipofectamine reagents to generate Ad5 vector. Ad5 culture was harvested when full CPE had developed. Ad5 vector was subsequently propagated in HEK293 cells. Ad5 vector was purified by cesium chloride ultra-centrifugation using the method as described before ([@bib8]). The Ad5 vector stock used in this study was 1.68 × 10^9^ PFU/mL. The viral stock of DEF201 and Ad5 vector was concentrated by 100 K Amicon centrifugal filter units and prepared in PBS before administrating into mice intranasally.

2.3. mIFN quantification by ELISA {#sec2.3}
---------------------------------

For *in vitro* study, 10^5^ of HEK293 cells were treated with DEF201 at different M.O.I. (0.1, 0.5, 1, 2, and 5) and cultured with DMEM+10%FBS media in 24-well plate. At 24 h post-treatment, cell culture supernatants were collected and mIFN concentrations were quantified by ELISA (R&D system). HEK293 cells infected with Ad5 vector were used as negative control.

For *in vivo* study, 5 × 10^7^ PFU per mouse DEF201 was administered intranasally to 5--day-old suckling BALB/c mice with same dose of Ad5 vector as control. The blood of DEF201-treated mice was collected at different time points (1, 3, 5, 7 days post-treatment), serum was separated and the concentrations of mouse interferon-α in serum were detected by ELISA (R&D system).

2.4. Cytotoxicity of DEF201 *in vivo* {#sec2.4}
-------------------------------------

DEF201 was administered intranasally to 5--day-old suckling BALB/c mice with dose of 5 × 10^7^ PFU per mouse. The body weight of DEF201-treated mice were weighed daily for 15 days with body weight loss as a marker for cytotoxicity effects ([@bib2]). Naive 5--day-old suckling BALB/c mice were used as negative control for cytotoxicity study.

2.5. Establishment of a murine model for EV71 infection {#sec2.5}
-------------------------------------------------------

All animal work was performed in accordance to the IACUC-approved protocol (088/10) and in Animal Biosafety Level 2 (ABSL-2) facility. Suckling BALB/c mice were purchased from Invivos. Mice were infected by enterovirus 71 (EV71) at 6 day old with 3--4 g body weight. EV71 infected and uninfected mice were fed in separated cages to prevent EV71 oral-fecal transmission among different groups of mice. 6 --day-old suckling BALB/c mice were infected with EV71 S41 (2 × 10^7^ PFU per mouse). Virus-infected mice were monitored daily for 14 days post-infection and scored by a mice clinical scoring system ([Supplementary Table 1](#appsec1){ref-type="sec"}). The mice clinical scoring system was used to score the severity of clinical symptoms in EV71-infected mice. The scoring system involved four items: activity, diarrhea, movement and body weight change. For the individual mouse, each item was scored daily and the sum scores of four items were used as total score. Total score 6 was defined as the endpoint.

2.6. Antiviral effects evaluation of DEF201 {#sec2.6}
-------------------------------------------

DEF201 was intranasally administered into nostrils of mice with serial doses (from 10^5^ to 5 × 10^7^ PFU per mouse). For prophylactic effects, DEF201 was administered to 4--5--day-old suckling BALB/c 48 h or 24 h prior to challenge. Mice were then infected with EV71 S41 (2 × 10^7^ PFU per mouse) via intraperitoneal (i.p.) injection at 6 days old. For therapeutic effects, 6--day-old suckling BALB/c mice were infected with EV71 S41 (2 × 10^7^ PFU per mouse) at 6 days old and DEF201 was intranasally administered at 5 × 10^7^ PFU per mouse at 6 h or 12 h post-infection. 5 × 10^7^ PFU DEF201 per mouse Ad5 empty vector was used as treatment control. Upon EV71 infection, the survival of mice was monitored with the mice scoring system. Mice muscle tissue was harvested on 7 days post-infection (dpi), virus load in muscle tissue were quantified by plaque assay. For histopathology study, hind limb muscle tissues from mice were harvested on 7 dpi, fixed with 4% paraformaldehyde for 1 week at 4 °C, decalcified at room temperature for 2 h, embedded in paraffin and sectioned in 4 μm thickness. Tissue damage was evaluated by haematoxylin and eosin (H&E) staining and EV71 antigen was detected by immunohistochemistry staining (IHC) using bondmax system. The antibody used for IHC was anti-EV71 antibody (MAB979, 1:200 dilution).

2.7. Quantification of EV71 load in mice tissue by plaque assay {#sec2.7}
---------------------------------------------------------------

EV71-infected mice were sacrificed on 7 days post-infection (dpi) and mice tissue, including hind limb muscle, liver, spleen, brain and sera were collected, homogenized and titrated by plaque forming assay. Briefly, RD cells monolayer was infected by mice tissue lysis supernatant for 1 h at 37**°**C to absorb EV71, washed twice with PBS and overlaid with DMEM containing 2%FBS and 0.5% Agarose (Firstbase). The monolayer was incubated for 4 days and staining with 10% crystal violet solution containing 4% paraformaldehyde.

2.8. Titration of EV71 antibodies by neutralization assay {#sec2.8}
---------------------------------------------------------

EV71 prepared in DMEM+2%FBS media was inactivated by UV. The inactivation of EV71 was confirmed by plaque assay. 5--day-old mice were pre-treated with 5 × 10^7^ PFU DEF201 (Ad5 Vector as control) 24 h prior to challenge and 6--day-old DEF201-treated mice was injected with 2 × 10^7^ PFU UV-inactivated EV71. Mice serum was collected on 4, 8 and 12 days post-injection, incubated at 56 °C for 30min to inactivate complements. The neutralization ability of mice serum was evaluated by neutralization assay. Briefly, 50 PFU of EV71 in 50 μl DMEM media was mixed with 50 μl serial diluted DEF201-treated mice serum and incubated at 37**°**C for 1 h. After incubation, 10^5^ RD cells in 24-well plate were infected with incubated mixture at 37**°**C for 1 h for virus absorption. Virus mixture was removed, RD cells were washed twice with PBS and DMEM media containing 0.5% agarose was added into 24-well plate for plaque formation. RD cells were incubated for 3--4 days and stained with 10% crystal violet solution containing 4% paraformaldehyde. Serum from mice without pre-infection treatment and injected with DMEM media was used as serum control. Plaques were counted and the effects of neutralization were determined.

3. Results {#sec3}
==========

3.1. DEF201 produces abundant mIFN both *in vitro* and *in vivo* {#sec3.1}
----------------------------------------------------------------

The expression of mIFN driven by DEF201 is shown in [Fig. 1](#fig1){ref-type="fig"} . DEF201 transfected HEK293 cells cultured for 24 h ([Fig. 1](#fig1){ref-type="fig"}a), showed a robust mIFN expression, 10^3^--10^5^ pg/mL in the supernatant. These mIFN concentrations increased in a DEF201 multiplicity of infection (M.O.I.) -dependent manner. Minimal mIFN expression (10 pg/mL) was detected upon treatment with Ad5 vector control. The expression of mIFN stimulated by DEF201 was further evaluated *in vivo* ([Fig. 1](#fig1){ref-type="fig"}b). Upon intranasal treatment of DEF201 at dose of 5 × 10^7^ PFU per mouse, abundant mIFN (300--9000 pg/mL) was detected in mice serum on 1, 3 and 5 day post-infection treatment. mIFN concentrations in the serum of Ad5 vector-treated mice were within the range of 10--100 pg/mL which was used as baseline in this study. On 7 day post-infection treatment, the mIFN concentrations in the serum of DEF201-treated mice decreased to 70--500 pg/mL. These results showed that DEF201 could drive robust expression of mIFN both *in vitro* and in *vivo* and the *in vivo* expression of mIFN stimulated by DEF201 could last for at least 7 days.Fig. 1Mouse interferon-α expression driven by DEF201 both *in vitro* and *in vivo*. (a) HEK293 cells were treated with DEF201 at different multiplicities of infection (M.O.I.) for 24 h, interferon-α concentrations in HEK293 culture supernatant were detected by ELISA. (b) 5--day-old BALB/c mice were treated intranasally with 5 × 10^7^ PFU DEF201 per mouse and serum IFN-α concentration was quantified at different time points by ELISA. Ad5 empty vector was used as control for both *in vitro* and *in vivo* studies. *In vitro* data was presented as mean ± standard deviation of three biological repeats. *In vivo* data was presented as mean and individual value of five mice. \**p* \< 0.05, paired *t*-test, compared to Ad5 Vector control.Fig. 1

3.2. DEF201 has minimal cytotoxic effects on suckling BALB/c mice {#sec3.2}
-----------------------------------------------------------------

To evaluated the *in vivo* cytotoxicity effects of DEF201, 5--day-old BALB/c mice were intranasally administered DEF201 at the dose of 5 × 10^7^ PFU per mouse, the body weight of DEF201-treated mice was measured daily for 15 days and the body weight change was used as a marker for cytotoxic effects ([@bib2]). Non-treated naive mice were used as negative control for cytotoxic effects. As shown in [Fig. 2](#fig2){ref-type="fig"} , DEF201-treated suckling mice showed no significant body weight difference compared with naive mice. No clinical symptoms, including diarrhea, ruffled fur, abnormal movement and inactivity, were observed for DEF201-treated mice. Together, the result showed that DEF201 had minimal cytotoxic effects on the suckling BALB/c mice.Fig. 2Body weight changes as a measure of cytotoxic effects of DEF201 on suckling BALB/c mice. 5--day-old BALB/c mice were treated intranasally with 5 × 10^7^ PFU DEF201, with 5--day-old naive mice used as control, and body weight was used as a marker for cytotoxic effects. The body weight of DEF201-treated mice was measured daily for 15 days and compared with untreated control. Data was presented as body weight mean ± standard deviation of six mice.Fig. 2

3.3. Murine model for EV71 infection {#sec3.3}
------------------------------------

6--day-old BALB/c mice were infected with EV71 S41 via intraperitoneal injection (i.p.) with titer of 2 × 10^7^ PFU per mouse. EV71 was prepared in DMEM media containing 2%FBS and mice injected with same volume of DMEM + 2%FBS media were used as mock-infected control. EV71-infected mice were monitored and scored daily using the scoring system mentioned above. As shown in [Fig. 3](#fig3){ref-type="fig"} a, 100% mortality was observed by 9 days post-infection (dpi) for EV71-infected mice. EV71-infected mice developed severe clinical symptoms including inactivity, loss of body weight, ruffled fur and hind limbs paralysis. [Fig. 3](#fig3){ref-type="fig"}b showed the high clinical scores of EV71-infected mice as compared with mock control which showed minimal clinical symptoms. To detect viral load in EV71-infected mice tissues, the liver, spleen, brain, sera and hind limb muscle were harvested on 7 dpi and EV71 viral load was quantified by plaque assay. EV71 viral load was detected in hind limb muscle tissue (∼10^4^ PFU per gram) while no virus was detected in spleen, liver, brain and sera ([Fig. 3](#fig3){ref-type="fig"}c).Fig. 3EV71 BALB/c mice model. 6--day-old BALB/c mice were infected with 2 × 10^7^ PFU EV71 S41 per mouse, DMEM+2%FBS was used as mock-infected control. (a) The survival of EV71-infected mice was monitored daily for 14 days by a clinical scoring system and (b) the clinical symptoms of EV71-infected mice, including body weight change, activity, diarrhea, and movement, were scored daily for 14 day according to the severity of symptoms and (c) viral load in mice tissues, including hind limb muscle, blood, spleen, liver and brain tissues, was detected at 7 days post-infection by plaque assay. Each group contained 6 mice. Survival curve was generated and significance was calculated by Graphpad software. Clinical scores were presented as the mean ± standard deviation. The viral load from five mice was presented as the mean and individual values. Tissue damage and viral antigen in the hind limb muscle tissue of EV71-infected mice were detected at 7 days post-infection. (d) Muscle tissue damage of EV71-infected mice was detected by H&E staining and (e) muscle tissues from mice injected with DMEM+2%FBS media were used as mock control. (f) EV71 viral antigen in muscle of infected mice was detected by immunohistochemistry staining (IHC) using bondmax system with (g) muscle tissue of DMEM+2%FBS media-injected mice as control. Anti-EV71 antibody, MAB979, was used for IHC with 1:200 dilution.Fig. 3

To further confirm the presence of EV71 in hind limb muscle tissue, haematoxylin and eosin (H&E) staining was performed to detect the tissue damage and immunohistochemistry (IHC) staining was performed to detect viral antigen ([Fig. 3](#fig3){ref-type="fig"}d--e). H&E staining revealed that, by 7 dpi, EV71 caused severe tissue damage in hind limb muscle tissue which was indicated by the destruction of muscle fibers. Massive cells infiltration was also observed, suggesting that EV71 infection caused severe inflammation in hind limb muscle tissue. As reported, during EV71 infection, immune cells, mainly neutrophils and macrophages, were recruited to the EV71 infection sites and released abundant pro-inflammatory cytokines which further led to tissue damage ([@bib22]). IHC study further revealed that abundant viral antigen was presented in hind limb muscle tissue of infected mice ([Fig. 3](#fig3){ref-type="fig"}f) as compared to the mock-infected mice ([Fig. 3](#fig3){ref-type="fig"}g), indicating EV71 established significant infection in the hind limb muscle tissue of mice.

3.4. DEF201 has dose-dependent prophylactic effects against EV71 on suckling BALB/c mice {#sec3.4}
----------------------------------------------------------------------------------------

To evaluate the prophylactic effects of DEF201, 5--day-old BALB/c suckling mice were intranasally administered DEF201 at different doses (10^5^ to 5 × 10^7^ PFU per mouse) at 24 h prior to infection. Ad5 empty vector was given at a similar dose to the treatment control. DEF201-treated BALB/c suckling mice were infected with EV71 at 6 days old and were monitored for 14 days by the clinical scoring system mentioned in [Supplementary Table 1](#appsec1){ref-type="sec"}. As shown in [Fig. 4](#fig4){ref-type="fig"} a, DEF201 at 10^6^ PFU to 5 × 10^7^ PFU offered full protection for mice against EV71 lethal challenge as compared to Ad5 vector or PBS-treated control which showed no protective effects. The low dose of 10^5^ PFU DEF201 showed a \>50% death rate indicating 10^5^ PFU DEF201 was not effective in protecting the mice against EV71 infection. [Fig. 4](#fig4){ref-type="fig"}b showed the clinical scores of groups of the DEF201 mice. Consistent with the survival rate, the clinical symptoms and scores decreased in a DEF201 dose-dependent manner while Ad5 vector- or PBS-treated EV71-infected mice developed severe infection symptoms with significant clinical scores. Ad5 vector had no antiviral effects compared with PBS indicating that the antiviral effects of DEF201 were mainly due to the expression of mIFN. [Fig. 4](#fig4){ref-type="fig"}c showed the infectious EV71 viral loads in the muscle tissue and compared with the Ad5 empty vector administered control, DEF201 significantly decreased infectious EV71 viral loads in the hind limb muscle tissue in a dose-dependent manner. This was consistent with clinical scores of EV71-infected mice which also decreased in a DEF201 dose-dependent manner.Fig. 4DEF201 dose-response. Survival curve, clinical scores and viral load detection upon intranasal DEF201 administration in murine model. Suckling BALB/c mice were dosed at 24hr prior to challenge with different levels of DEF201, from 10^5^ to 5 × 10^7^ PFU per mouse, and infected with 2 × 10^7^ PFU per mouse EV71. DEF201 was prepared in PBS, Ad5 empty vector and PBS were used as treatment controls. (a) Survival of the mice were monitored daily for 2 weeks by a mice scoring system (b) clinical symptoms were scored and (c) the virus load in hind limb muscle tissue was detected by plaque assay. Each group contains ≥6 mice. Survival curve was generated and significance was calculated by Graphpad software. Clinical scores were presented as the mean of clinical scores. Viral load was presented as the mean and individual values.Fig. 4

3.5. DEF201 prophylaxis prevents tissue damage caused by EV71 infection and inhibits the replication of EV71 in muscle tissue {#sec3.5}
-----------------------------------------------------------------------------------------------------------------------------

To further confirm the prophylactic effects of DEF201, H&E staining was performed in EV71-infected mice which were administered DEF201 24 h before challenge. As compared to Ad5 empty control mice which developed massive loss of muscle fiber, no tissue damage was observed upon pre-infection administration with a 10^6^ PFU or higher dose of DEF201, suggesting that DEF201 completely inhibited the muscle tissue damage caused by EV71 infection ([Fig. 5](#fig5){ref-type="fig"} a--h). Consistent with the inhibition of tissue damage, no immune cells infiltration was detected in the muscle tissue of EV71-infected mice with 10^6^ PFU DEF201, suggesting that DEF201 inhibited the tissue inflammation induced by EV71 infection.Fig. 5Muscle tissue damage and viral antigen in the muscle tissue of EV71-infected mice upon intranasal DEF201 administration at 24 h pre-challenge. Hind limb muscle tissue of the mice was harvested at 7 days post-infection, fixed by 4% paraformaldehyde for 7 days at 4 °C, embedded in paraffin and sectioned with 4 μm thickness. (a--f) Muscle tissue damage of the mice was detected by H&E staining, with (g) PBS and (h) Ad5 vector as treatment controls. (i--p) EV71 viral antigen in muscle tissue of EV71-infected mice was detected by IHC using bondmax system and anti-EV71 antibody (MAB979, 1:200 dilution).Fig. 5

To detect whether DEF201 could inhibit the replication of EV71 in mice muscle tissue, IHC was performed ([Fig. 5](#fig5){ref-type="fig"}i--p). Consistent with the virus load detection, with administration of DEF201 24 h prior to challenge, viral antigen was significantly reduced in the muscle tissue of EV71-infected mice, indicating that DEF201 could potently inhibit the replication of EV71 in the muscle tissue of mice.

3.6. Extended prophylactic effects of DEF201 on EV71 infection {#sec3.6}
--------------------------------------------------------------

As shown in [Fig. 1](#fig1){ref-type="fig"}b, mIFN stimulated by DEF201 could last for 7 days in mice serum. Therefore, the antiviral effects of DEF201 might be able to last for weeks. One group of mice were administered DEF201 at 48 h prior to challenge at a dose of 5 × 10^7^ PFU per mouse and full protection as well as minimal clinical scores were observed ([Fig. 6](#fig6){ref-type="fig"} a--b). In addition, with DEF201 administration at 48 h pre-challenge, the virus load in the muscle tissue of EV71-infected mice was significantly decreased ([Fig. 6](#fig6){ref-type="fig"}c). Furthermore, DEF201 administration 48 h pre-challenge protected mice from tissue damage and inhibited EV71 replication in the muscle tissue ([Fig. 6](#fig6){ref-type="fig"}d--g). The data clearly indicated that 2-day pre-challenge dosing with DEF201 had prophylactic effects on the mice. However, it was worth noting that the long-term prophylactic effects of DEF201 could not be determined in this murine model for EV71 due to the age limit of the suckling mice.Fig. 6DEF201 prophylactic effects measured by survival curve, clinical scores and viral load detection upon 48hr pre-challenge administration of DEF201in murine model. 4--day-old suckling BALB/c mice were dosed at 48 h prior to challenge with 5 × 10^7^ PFU per mouse DEF201 and infected with EV71 S41 at 2 × 10^7^ PFU per mouse, Ad5 vector was used as treatment control. (a) The survival of the mice was monitored for 14 days using a clinical scoring system and (b) clinical symptoms were scored and (c) the virus load in muscle tissue was detected by plaque assay. Each group contains 6 mice. Survival curve was generated and significance was calculated by Graphpad software. Clinical scores were presented as mean ± standard deviation of clinical scores of the mice. Viral load of five mice was presented as mean and individual values. Tissue damage and viral antigen in the muscle tissue were detected at 7 days post-infection. (d) Muscle tissue damage of the mice was detected by H&E staining and (e) muscle tissues from mice treated with Ad5 vector were used as control. (f) EV71 viral antigen in muscle tissue of the mice was detected by IHC with using bondmax system and anti-EV71 antibody (MAB979, 1:200 dilution) and (g) Ad5 vector was used as treatment control.Fig. 6

3.7. DEF201 has therapeutic effects during early stage of EV71 infection {#sec3.7}
------------------------------------------------------------------------

To evaluate the therapeutic effects of DEF201, 6--day-old BALB/c suckling mice were infected by EV71 and at 6 h or 12 h post-infection, mice were intranasally dosed with DEF201 (5 × 10^7^ PFU per mouse). The same dose of Ad5 empty vector was used as treatment control. As shown in [Fig. 7](#fig7){ref-type="fig"} a--b, full protection and minimal clinical symptoms were observed at 6 h post-infection treatment compared with the Ad5 vector which showed no protection. For 12 h post-infection treatment with DEF201, a 2-day delay of death and 33.3% survival rate were observed for the murine model. Further study showed that DEF201 post-infection treatment did not significantly decrease the virus load in EV71-infected mice muscle tissue ([Fig. 7](#fig7){ref-type="fig"}c). However, consistent with survival study, histopathology analysis further revealed that DEF201 reduced EV71 antigen in the muscle tissue and prevented mice from developing severe tissue damage and inflammation ([Fig. 7](#fig7){ref-type="fig"}d--k). The results strongly demonstrated that DEF201 had therapeutic effects against EV71 by inhibiting tissue damage and viral replication in muscle tissue in early stage of EV71 infection.Fig. 7DEF201 treatment effects measured by survival curve, clinical scores and viral load detection upon DEF201 post-infection treatment in murine model. 6--day-old suckling BALB/c mice were infected with EV71 at 2 × 10^7^ PFU per mouse and treated with DEF201 at 5 × 10^7^ PFU per mouse at 6 h or 12 h post-infection and the same dose of Ad5 vector was used as treatment control. (a) Survival of the mice were monitored daily for 2 weeks by a mice scoring system and (b) clinical symptoms were scored and (c) the virus load in muscle tissue was detected by plaque assay. Each group contained ≥6 mice. Survival curve was generated and significance was calculated by Graphpad software. Clinical scores were presented as mean +  standard deviation of clinical scores of the mice. The viral load from five mice was presented as mean and individual value. Tissue damage and viral antigen in the muscle tissue of EV71-infected mice were detected at 7 days post-infection. No tissue damage was detected by H&E staining for (d) 6 h or (f) 12 h post-infection treatment of DEF201, compared with (e, g) Ad5 vector controls. Consistent with tissue damage detection, significantly decreased viral antigen was shown by IHC in mice with (h) 6 h or (j) 12 h post-infection treatment of DEF201, compared with (i, k) Ad5 vector controls. MAB979 was used for IHC with 1:200 dilution.Fig. 7

3.8. DEF201 enhances the production of specific anti-EV71 neutralizing antibodies {#sec3.8}
---------------------------------------------------------------------------------

IFN is mainly involved in innate immune system by directly inhibiting the replication of viruses. However, previous studies reported that IFN also played a role in acquired immune system. IFN could enhance antibody production by enhancing B cell development and differentiation ([@bib15], [@bib9]). IFN also promoted immunoglobulin class switching from IgM to IgG and enhanced the specificity of antibodies ([@bib6]). Long term antibody production and immune memory were also induced by IFN ([@bib12]). Thus, DEF201 might be able to enhance the neutralizing ability of anti-EV71 antibodies in mice serum during EV71 infection. To evaluate this, 5--day-old BALB/c suckling mice were intranasally dosed with DEF201 (5 × 10^7^ PFU per mouse) at 24 h prior to challenge. Ad5 empty vector was as control. DEF201-treated mice were vaccinated by UV-inactivated non-replicating EV71 (2 × 10^7^ PFU per mouse) via i.p. injection, mice serum was collected at different time points post-vaccination and the neutralizing ability of mice serum was evaluated by neutralization assay. As shown in [Fig. 8](#fig8){ref-type="fig"} a--c, in comparison with Ad5 vector control, serum of mice given DEF201 showed 20%--30% higher neutralizing ability against EV71 at day 4 (8a), 8 (8b) and 12 (8c) post-injection of UV-inactivated EV71. Statistical studies showed that the percentage of EV71 which was not neutralized by mice serum was significantly lower upon DEF201 treatment, in comparison to Ad5 control ([Fig. 8](#fig8){ref-type="fig"}d). The result supported that DEF201 could enhance the production of specific anti-EV71 neutralizing antibodies *in vivo*.Fig. 8Neutralization assay of serum from DEF201-treated EV71-vaccinated mice. 5--day-old mice were dosed with 5 × 10^7^ PFU DEF201 (Ad5 Vector as control) at 24 h prior to challenge and injected with 2 × 10^7^ PFU UV-inactivated EV71 at 6 day old. Mice serum was collected on 4, 8 and 12 days post-injection and incubated at 56 °C for 30min to inactivate complement. The neutralization ability of mice serum was evaluated by neutralization assay. Serum from the mice showed enhanced neutralization ability against EV71 compared Ad5 Vector control on (a) day 4, (b) day 8 and (c) day 12 post-injection. (d) Percentage of non-neutralized viruses upon incubation with DEF201- and Ad5-treated mice serum was calculated by Graphpad according to neutralization curves. Data was presented as mean ± standard deviation and significance was calculated by *t*-test, \*p \< 0.05.Fig. 8

4. Discussion {#sec4}
=============

In this study, we have shown for the first time that a single dose of DEF201 is highly efficacious as a prophylactic agent, in a dose-dependent manner, against EV71 infection *in vivo*. In the murine model, 10^6^ PFU DEF201 offered full protection for mice against lethal EV71 infection. For therapeutic application, DEF201 can only offer protection for mice at early stage of EV71 infection (less than 12 h), indicating that DEF201 has limited effects at late stage of mouse EV71 infection when symptoms have already developed. Clinically, the latency of EV71 infection is several days and the limited antiviral effects of DEF201 suggesting that the application of DEF201 in the treatment of EV71 infection is restricted. However, one important point was that, in this murine model, a lethal dose of EV71 virus was used which quickly established a significant infection in mice tissues and led to death of the mice while clinically, EV71 infection is usually a self-limiting disease with mild symptoms featuring hand, foot and mouth symptoms. Thus, there is still a chance that DEF201 might be effective to treat EV71 infected patients developed symptoms as the diseases progression is less severe. To evaluate the clinical therapeutic efficacy of DEF201 against EV71 infection, further studies are necessary.

In addition to antiviral effects, IFN also plays a role in the regulation of immune cells development, such as B cells. Previous studies have shown that IFN is important for B cell activation, antibody production and antibody class switching ([@bib12]). In this study, we have shown that DEF201 is able to enhance the production of neutralizing antibodies against EV71. Thus, DEF201 can be used as a broad-spectrum immune stimulating agent to prevent viral infection as well as other infectious diseases. Furthermore, DEF201 might be used as an adjuvant to enhance the production of antibodies and the efficacy of vaccines.

In addition to EV71, other viruses have been reported to be inhibited by DEF201. Previously, it has been reported that pre-infection dosing with 10^7^ PFU DEF201 could offer 100% protection for mice against different strains of Western equine encephalitis virus (WEEV), including a highly-virulent strain (Fleming) ([@bib23]). Post-infection treatment of DEF201 at 6 h post WEEV infection was also protective. Similar inhibition pattern by DEF201 was also observed for vaccinia virus ([@bib18]), arenavirus ([@bib7]), SARS coronavirus ([@bib11]), yellow fever virus ([@bib10]) and chikungunya virus ([@bib4]). Pre-infection treatment with 10^6^-10^8^ PFU DEF201 offered significant protection *in vivo* in a dose-dependent manner while post-infection treatment at early time-point post infection was effective. Together, these results demonstrate that pre-infection treatment with DEF201 is able to inhibit the infection of varieties of viruses and can be used as a broad-spectrum antiviral agent.

The use of adenovirus vector as an *in vivo* constitutive IFN expression platform evaluates serum IFN and induces long term antiviral effects with a single dose. In our study, we showed that IFN produced by 5 × 10^7^ PFU DEF201 was maintained at high levels for at least 7 days in mice serum. This demonstrates that the effective half-life of IFN has been significantly prolonged by DEF201 which is continually releasing the IFN into the bloodstream. To further illustrate whether DEF201 has long term antiviral effects, we tested the antiviral effects of 48 h pre-infection treatment of DEF201 in our EV71 murine model. Due to the age limit of suckling mice model, we were only able to show that DEF201 pre-infection treatment is effective for at least 48 h against EV71 infection. However, previous studies have shown that the antiviral effects of DEF201 could last for at least 13 weeks for WEEV and 56 days for vaccinia virus. This might be due to three reasons: firstly, antiviral state of host cells can last for long term upon IFN stimulation, secondly, the IFN is continually produced by the transduced cells, and thirdly, the immune system stimulated by DEF201 offers long term antiviral protection. In conclusion, these results demonstrate that DEF201 is able to offer long term antiviral protection *in vivo*.

However, the robust and lasting expression of IFN induced by DEF201 might cause IFN-related side effects, such as headache, diarrhea and nausea. Although we did not observe any side effect in suckling mice, the difference between animal models and clinical application should be considered. Thus, further clinical evaluation of DEF201-related side effects is necessary, especially for children since they are more vulnerable for HFMD. In addition, the use of adenovirus 5 vector might stimulate immune response against the vector which might lead to inflammation at the inoculation sites of DEF201 especially for those people who have pre-existing immune response to adenovirus 5, though the inoculation via intranasal administration has minimized the exposure of adenovirus 5 vector to immune system. Thus, further DEF201-related immune response should be evaluated in clinical trials. One approach to avoid immune response to DEF201 for people with pre-existing immune response to adenovirus 5 is to change another delivery vector for DEF201.

In addition, the IFN subtype in DEF201 is mouse α5. However, for EV71 inhibition, a previous study showed that α4, α6, α14 and α16 were more effective than other type I IFNs although all type I IFNs had inhibition effects against EV71 ([@bib24]). Thus, for the humanized version of DEF201, α4, α6, α14 and α16 should be considered for treatment of EV71 infection.

In conclusion, we have shown that a single dose of DEF201 was highly efficacious as a prophylactic agent against EV71 infection *in vivo*. Furthermore, DEF201 can significantly enhance the neutralizing ability of anti-EV71 antibody in mice serum. The clinical prophylactic effects of DEF201 is worth being further evaluated.
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